Abstract N-Alkyl-N-chlorosulfonamides add to alkenes under copper(I) catalysis. In reactions of styrene derivatives with terminal double bonds the addition products were obtained in excellent yield and high regioselectivity. Lower yields are obtained in addition reactions to non-aromatic alkenes. The reaction most likely proceeds via a redox catalysis and amidyl radicals, a concerted mechanism has been ruled out and a polar mechanism via chloronium ions would lead to the opposite regiochemistry.
Introduction
In earlier publications we described the cyclisation of various unsaturated N-hetero-substituted amines and amides via radicals [1] [2] [3] and other mechanistic pathways [4] [5] [6] [7] [8] . Although reported by other groups [9] [10] [11] in our hands an efficient intermolecular addition reaction of N-hetero substituted amines via radicals was not possible in appreciable yields. The reactivity of the intermediate aminyl radicals towards alkenes was simply not high enough and various side reactions became predominant. We therefore turned our attention to more electrophilic, thus more reactive, nitrogen-centered radicals and chose sulfonamidyl radicals as such electrophilic intermediates for an efficient intermolecular addition reaction.
Addition reactions with N-alkyl-N-halosulfonamides to unsaturated compounds have not been examined in detail so far. In earlier works Komori added a secondary N-chloro-sulfonamide to 1-hexene under photoirridation [12, 13] and Priestly [14] , Seden [15] and Daniher [16] published addition reactions of secondary N-halosulfonamides and N,N-dihalosulfonamides to alkenes. Neale [17] discussed a radical mechanism via nitrogen radicals as intermediates. In a more recent series of publications Li developed a new aminohalogenation of cinnamic esters using N,N-dichloro-p-toluenesulfonamide and ZnCl 2 or Cu(OTf) 2 [18] as catalysts and transferred these conditions to reactions with alkynes [19] [20] [21] and α,β-unsaturated ketones [19- 21 ]. An ionic mechanism via halonium ions was proposed. The amidofluorination of alkenes has been achieved by Zhang [22] using copper or palladium catalysts and proceeds via radicals and fluoropalladation, respectively. Cyclisation reactions of unsaturated sulfonamides which proceed via amidyl radicals have been described by Li [23] and by Oshima [24] . Chemler [25, 26] discusses radical and polar pathways as competing mechanisms and has developed a nice copper-catalyzed oxidative amidation of alkenes whilst Muñiz [27] in a recent publication proposes a polar sulfonamido-chlorination mechanism of alkenes.
Similar, intramolecular and intermolecular additions of N-chlorosulfonamides and derivatives like Chloramine-T to alkenes have been described by Sharpless [28, 29] , Komatsu [30] [31] [32] and Dodd [33] . In these examples the nitrogen center carries no substituents, which limits the scope of the reactions.
In our own studies we wanted to develop a radical addition, using amidyl radicals with an N-alkyl substituent, which we anticipated to generate readily from the corresponding N-chloroamides by electron transfer from copper(I) catalysts.
Results and Discussion
The N-chlorosulfonamides can be easily prepared by reaction of the sulfonamide with calcium hypochlorite and moist alumina [34] , which produced the corresponding N-chloro compounds 2a and 2b in quantitative yield (Scheme 1). Increasing the amount of catalyst led to no better results whilst rising the temperature to 75 °C and adding an excess of styrene increased the yield to 43%. Under these conditions the N-chlorosulfonamide 2a was completely consumed, undesired products were the sulfonamide 1a as well as oligostyrenes. The oligomerisation should be slowed down by using copper(I) chloride as the catalyst, which (after oxidation to copper(II) chloride) captures carbon radicals at a diffusion controlled rate [38] .
Indeed using copper(I) chloride as the catalyst we obtained a yield of 60% of the addition product with sulfonamide 1a being the remaining side product. We supposed that this sulfonamide was generated by H-abstraction from the solvent and therefore we used benzonitrile, a solvent from which hydrogen cannot easily be abstracted and which allowed us a higher reaction temperature (100 °C). Using these conditions we obtained a nearly quantitative yield of 92% of 3 ( Table 1 , entry 7), whilst changing the chloroamide/styrene ratio led to reduced yields.
We next wanted to check the scope of this addition reaction and used, with the chloroamide 2b, a sulfonamide with an extreme sterical hinderance (tert-butyl group). This led to the addition product 4 in a distinct lower yield (Scheme 3). In a next step we added chloroamide 2a to a variety of styrene derivatives (Table 2) . Whilst the addition proceeds well with electron-poor styrenes such as 4-nitro and 4-fluorostyrene, an electron rich substrate with a methoxy substituent ( Table 2 , entry 4) leads to a complex mixture of products. Most likely the electron-rich aromatic ring is oxidized under these conditions, leading to a variety of products which could not be separated.
With styrene derivatives giving high yields of addition products, we next turned our attention to the less reactive nonaromatic alkenes.
Addition to non-aromatic alkenes
As expected non-aromatic alkenes are less good substrates for the radical addition of amidyl radicals and the yields of addition products of 2a decreased significantly (Table 3) . A conjugated diene like cyclooctadiene (Table 3 , entry 4) and a terminal, sterically not hindered alkene like 1-decene (Table 3 , entry 1) still gave reasonable yields of the addition product. The yield is lower in addition to norbornene and cyclooctene, both of which are more sterically hindered and do not allow any mesomeric stabilization of the intermediate radical (Table 3 , entries 2 and 3). Addition to an alkyne (Table 3 , entry 5) produced a complex mixture of products, which could not be separated. Electron poor alkenes like an unsaturated ketone (Table 3 , entry 6) are not good substrates for the addition of amidyl radicals either, as amidyl radicals are expected to be electrophilic themselves. Therefore we expected the addition to electron-rich enol ethers to proceed smoothly, however, with such electron-rich alkenes polar reaction pathways seem to become predominant (Table 3 , entries 8 and 9).
Whilst the formation of 11 from cyclohexene could result from an elimination of HCl after the radical addition due to the high reaction temperature, the formation of regioisomers of 12 and especially the formation of 13 can be explained by a haloniumion transfer to the alkene. This could produce an chloro-substituted alkene 14, which in a second step would undergo radical addition of 2b (Scheme 4).
This result surprised us, as we did not regard the chloroamide as a chloronium ion source. For the addition reactions to styrenes a polar mechanism can be ruled out due to the observed regiochemistry, however, in all other cases a polar mechanism is possible too and we therefore wanted to verify the radical-type mechanism which we initially anticipated.
Ionic or radical reaction mechanism
For these studies we first chose vinylcyclopropane as the substrate to rule out a concerted mechanism, as this alkene upon addition of a radical or a cation should react fast under ringopening [39] , producing an acyclic product. Upon copper(I) catalyzed addition of 2a to vinylcyclopropane only the ringopend product 15 was obtained, which rules out a concerted mechanism and is, due to the observed regiochemistry, a strong indication for a radical pathway of the addition reaction (Scheme 5).
Scheme 5:
Ring opening in the case of cationic or radical intermediates.
Another strong argument for a mechanism via radicals is the complete surpression of the reaction of 2a with decene in the presence of TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) as a radical trap, which we observed.
In a last experiment we added 2a to 5-hexen-1-ol, a substrate that easily reacts with halonium ions in a halocyclization [40] (Scheme 6).
Scheme 6: Addition to unsaturated alcohols prone to halocyclization.
We only obtained the simple addition product 16 with no traces of halocyclization, again ruling out a polar pathway.
Conclusion
In summary we have shown that N-chlorosulfonamides can be added to styrenes efficiently under copper(I) catalysis via amidyl radicals. Addition to non-aromatic alkenes proceeds less readily in lower yield and electron-rich alkenes react via a competing polar reaction pathway.
Experimental
All solvents were purified by distillation and dried, if necessary, prior to use. Products were purified by flash chromatography on silica gel (40-63 μm). 1 H and 13 C NMR spectra were recorded on Bruker WM 300 and ARX400 spectrometers or on a Varian Unity plus 600 spectrometer in CDCl 3 using TMS as internal standard.
Preparation of the N-chlorosulfonamides 2a, 2b; general procedure: 5.72 g Ca(OCl) 2 (40 mmol, 2 equiv), moist alumina (10 g) and chloroform (50 mL) were efficiently stirred at 40 °C for 10 min. The sulfonamide (20 mmol) was then added, and the mixture was stirred at 40 °C until the sulfonamide had disappeared (monitored by TLC (pentane/ether 1:1), 1.5-3 h).
The crude product was separated from solids and purified by chromatography (silica gel, pentane/ether 3:1). Metal-catalyzed addition reactions; general procedure: In a heat-dried Schlenk vessel 0.1 equiv (related to the N-chlorosulfonamide) of the metal salt were dissolved in anhydrous benzonitrile under an Ar atmosphere and heated to 100 °C. To this solution the N-chlorosulfonamide and the olefine were added and stirred for 48 h at this temperature. The solvent was removed by bulb-to-bulb distillation and the residue was taken up in dichloromethane. Approx. 10 g of silica gel were added and the solvent was removed in vacuo. Purifying by flash chromatography (pentane/ether 10:1 to 1:1) gave the addition products as described below. 
N-Chloro-N,4-dimethylbenzenesulfonamide

N-(2-Chloro-2-phenylethyl)-N-methylbenzenesulfonamide
